without vulnerable AAA were classified as no/simple AAA group. The characteristics of diffusion-weighted MRI (DWI) lesions were analyzed in terms of the number and size of the lesions, and the involved vascular territories. Results: A total of 63 cryptogenic stroke patients were included in this study. Vulnerable AAA was observed in 15 (23.8%) patients. The patients with vulnerable AAA were older than those with no/ simple AAA (p = 0.026). DWI analysis revealed that the vulnerable AAA group had a greater chance of having multiple and small lesions in multiple vascular territories that were mainly located in cortical and border-zone regions than the no/simple AAA group. Multiple logistic regression analysis showed that age (odds ratio 1.17; 95% confidence interval 1.02-1.34) and multiple small lesions in multiple vascular territories (odds ratio 33.18; 95% confidence interval 4.26-258.45) were independently associated with vulnerable AAA. Conclusion: Vulnerable AAA is independently associated with a DWI pattern characterized by multiple small scattered lesions in multiple vascular territories in conjunction with age. It may help determine stroke mechanism quickly and easily, and provide more information about the pathomechanism of vulnerable AAA-related stroke.
Introduction
Aortic arch atheroma (AAA) is first seen in early adulthood, and the severity increases with advancing age [1] . Since the first report in the 1990s, AAA has been considered to be associated with ischemic stroke [2] [3] [4] . Especially vulnerable AAA, which is defined as being 6 4 mm in thickness and having ulceration or mobile component, has been linked with cryptogenic ischemic stroke, stroke recurrence, and all vascular events [5] [6] [7] . However, despite its well-known role as a risk factor for stroke, research focused on the mechanism or characteristics of stroke caused by AAA is insufficient.
Diffusion-weighted MRI (DWI) is the most sensitive tool to detect not only fresh ischemic lesions that cannot be detected by CT or conventional MRI [8] , but also silent infarct not commonly associated with clinical deficits [9] . Therefore, analyzing lesion pattern using DWI may provide an instructive clue in our understanding of the pathogenesis of cerebral infarcts. However, only few studies have investigated lesion pattern of acute stroke that resulted from AAA using CT or conventional MRI [10, 11] .
Transesophageal echocardiography (TEE) has been used to evaluate the presence and severity of AAA [5] . However, because of its semi-invasive nature, it is difficult to apply to all patients. The recently developed multidetector row computed tomography (MDCT) is a powerful tool that enables rapid and specific diagnosis of aortic pathology [12] . Recent studies demonstrated the usefulness of MDCT over TEE for detection of AAA [13] [14] [15] .
The aim of the present study was to identify clinical and radiological features in acute stroke patients associated with vulnerable AAA detected by MDCT. This may help physicians understand the mechanism of stroke caused by vulnerable AAA.
Methods

Patient Selection and Evaluation
Our analysis was performed on data collected from a prospective registry of patients who were admitted for acute cerebral infarction to a university medical center from September 2008 through May 2011. The inclusion criteria for this study were: (a) focal neurologic deficits presented within 7 days of the onset of symptoms, (b) acute ischemic lesions on DWI, and (c) conducting a cardioaortic evaluation using MDCT. Among 439 patients who met inclusion criteria, 376 were excluded because of having an evident stroke etiology by revised Trial of Org 10172 in Acute Stroke Treatment classification ( fig. 1 ) [16] . The stroke mechanisms were diagnosed by consensus of two stroke neurologists (S.J.K and J.H.). The local institutional reviewer boards approved the study, and all patients were given informed consent.
Stroke Workup and Image Analysis
Demographic data, medical history of hypertension, stroke, transient ischemic attack, diabetes mellitus, hyperlipidemia and smoking history were systemically acquired. All patients underwent standardized diagnostic workup (12-lead electrocardiography, routine blood test with hematology included) and brain MRI (3.0 T, Achieva, Philips Medical systems). Hemostatic markers of prothrombotic tendency, including antiphospholipid antibodies (anticardiolipid antibody, lupus anticoagulants, and ␤ 2 -glycoprotein-1 antibody), were measured in patients younger than 50 years old. The typical MRI protocol included at least DWI, FLAIR, and vascular images (3-D time-of-flight MRA and contrast-enhanced MRA including extracranial internal cerebral artery and vertebral artery). The DWI parameters were as follows: repetition time, 2,550 ms; echo time, 75 ms; matrix, 128 ! 128; 3 directions; field of view, 24 cm; section thickness, 5 mm; intersection gap, 2 mm. DWI was obtained with b values of 0 and 1,000 s/mm 2 . The mapping of lesions on the T 1 -MRI template and the visual comparative analysis of MRI data was achieved by using free software (MRIcro, version 1.04 build 1).
The characteristics of DWI lesions were analyzed in terms of the number (single vs. multiple) and size of the lesions, and the involved vascular territories. The size of each lesion was assessed based on the maximum diameter, and each lesion was divided into small or large lesion by 1.5 cm. The largest size of lesion for each patient ( ! 1.5, 1.5-3.0, and 1 3.0 cm) on DWI was also evaluated [7] . The involvement of multiple vascular territories was defined by multiple ischemic lesions in (1) unilateral anterior and posterior circulation, (2) bilateral anterior circulation, or (3) bilateral anterior and posterior circulation. Two authors (S.R. and H.J.N.) who were blinded to patients' information reviewed the DWI data by consensus.
AAA Evaluation Using MDCT
MDCT was conducted with the use of a 64-slice multidetector row computed tomography scanner (Aquilion 64, Toshiba Medical Systems, Otawara, Japan) or a 128-slice dual-source CT system (Somatom Definition Flash, Siemens Medical Solutions, Forchheim, Germany). All scans were performed with electrocardiogram-gated dose modulation. A standard scanning protocol was applied with 64 ! 0.5 mm section collimation, 0.4 s tube rotation time, 120 kV tube voltage, and a 400-mA tube current. All scans were conducted with electrocardiogram-gated dose modulation. For CT scanning using a 64-slice CT scanner, approximately 65 ml of a nonionic contrast medium (Iomeron, 300 mg I/ml; Bracco SpA, Milan, Italy) was intravenously injected (4 ml/s), after which 30 ml of mixed normal saline and contrast medium (30% contrast medium and 70% normal saline) was administered at a rate of 3 ml/s. For CT scanning using a 128-slice dual-source scanner, approximately 70 ml of a nonionic contrast material (Iomeprol, 350 mg I/ml; Bracco SpA) was administrated intravenously at 4 ml/s, followed by 40 ml of saline at 4 ml/s. Delayed, nongated scanning was conducted from the upper border of the ascending aorta to the descending thoracic aorta, including the whole heart, for identification of AAA.
The definition of vulnerable AAA was the presence of aortic plaques in the ascending aorta or proximal arch which met at least one of the following criteria (modified from TEE criteria): (i) at least 6 mm thick adjacent to the aortic wall with transverse projection; (ii) ulcerated plaque, or (iii) soft plaque [13] . Typical MDCT findings of vulnerable AAA are shown in figure 1 . In terms of plaque thickness, we chose the 6 mm thickness criterion for vulnerable AAA rather than 4 mm which most previous studies with TEE used [5] . Since MDCT assessed maximum wall size and not intima-media thickness as TEE, we added 2 mm, which was known as aortic wall thickness in healthy individuals [17] . Soft plaque was defined as the presence of clearly visualized area of hypoattenuation ( ! 80 Hounsfield units) suggestive of thrombus [18, 19] . The patients without vulnerable AAA were classified as no/simple AAA group. All MDCT results were reviewed by a single experienced radiologist blinded to the clinical data using a 3-D workstation (Aquarius Workstation; TeraRecon Inc., San Mateo, Calif., USA).
Statistical Analysis
We analyzed the differences between the groups using Pearson's 2 test or and Fisher's exact tests for categorical variables, and a Mann-Whitney U test for continuous variables. In addition, multivariate logistic regression analysis was performed to predict the independent contribution of factors in vulnerable AAA. Variables from univariate analyses at p ! 0.2 were considered to represent explanatory variables, and were entered together into multivariate analysis. A p value ! 0.05 was considered statistically significant. All statistical analyses were conducted using commercially available software (SPSS for windows, version 13.0; SPSS Inc, Chicago, Ill., USA).
Results
A total of 63 cryptogenic stroke patients were included in this study: 42 men and 21 women, mean age 64.7 8 11.9 years (range 35-80). Vulnerable AAA was observed in 15 (23.8%) patients. Thirteen patients had 6 6-mmthick plaques, 7 had ulceration, and 10 had soft plaques. The baseline characteristics of the patients depending on figure 2 , the vulnerable AAA group had more lesions than the no/simple AAA group (median lesion number per patient, 4 vs. 1; p = 0.001). Thirteen out of 15 patients (86.7%) with vulnerable AAA had multiple lesions, but more than half of patients with no/simple AAA had only one lesion (p = 0.005). In terms of lesion size, most of patients belonging to the vulnerable AAA group had only small lesions. On the contrary, 31 out of 48 patients (64.6%) in the no/simple AAA group had at least one large lesion (p = 0.020). Similarly, the largest lesion size of an individual patient was smaller in the vulnerable AAA group (p = 0.019).
When considering involved vascular territory on DWI, more than 70% in patients with vulnerable AAA had involvement of multiple vascular territories, whereas single vascular territory was most frequently involved in the no/ simple AAA group (p ! 0.001).
To further characterize the lesion pattern on DWI in patients with cryptogenic stroke according to the status of AAA, aforementioned features including lesion multiplicity, size, and involved vascular territory were combined. The most common lesion pattern among patients with vulnerable AAA was multiple small lesions in multiple vascular territories. Conversely, involvement of single vascular territory with various combinations was most often observed in no/simple AAA group (p ! 0.001). As shown in figure 3 , the majority of lesions on DWI in patients with vulnerable AAA were located in cortical and border-zone regions.
Multivariate logistic regression analysis was performed to further evaluate independent predictors for the presence of vulnerable AAA in patients with cryptogenic stroke ( table 3 ) . As a result, age (per 1 year increase, Val ues are presented as median (interquartile range) or number (%). TIA = Transient ischemic attack; LDL-C = low-density lipoprotein cholesterol; HDL-C = high-density lipoprotein cholesterol; ACEi = angiotensin-converting enzyme inhibitor; ARB = angiotensin receptor blocker. 1 Defined by the presence of aortic plaques in the ascending aorta or proximal arch with thrombus, ulceration, or ≥6 mm in wall thickness. OR 1.17; 95% CI 1.02-1.34) and multiple small lesions in multiple vascular territories (OR 33.18; 95% CI 4.26-258.45) were independently associated with vulnerable AAA.
Discussion
AAA has been found in 60% of patients 60 years of age or older with ischemic stroke [5] . It is well known that AAA is associated with ischemic stroke [20, 21] . However, AAA has received limited attention as an embolic source to the brain compared with atrial fibrillation and severe carotid stenosis [1] . In classification systems of ischemic stroke subtype, even vulnerable AAA is just regarded as an embolic source with a low or uncertain risk for ischemic stroke [16] . Nevertheless, many lines of evidence have suggested that AAA is a source of thromboembolism to the cerebral circulation, not simply an index of the extent of arterial disease, and therefore risk of stroke [1, [22] [23] [24] [25] .
Knowledge of the clinical and radiological features of cryptogenic stroke will help physicians understand the pathogenic mechanisms involved in stroke development which influenced choice of management, stroke prognosis, and risk of recurrence [26, 27] . Because the pattern of lesions identified by DWI has been correlated with the underlying pathogenic mechanisms of stroke, it may be important to analyze DWI features to find the hidden cause in patients with cryptogenic stroke [28] [29] [30] .
In this study, the most common DWI pattern of stroke associated with vulnerable AAA was multiple and small lesions in multiple vascular territories which were mainly located in cortical and border-zone regions. It has been suggested that multiple acute lesions in stroke are em- bolic in origin [28] , and a recent study revealed that AAA containing mobile components is independently associated with the multiple lesions in multiple vascular territories, which is consistent with our finding [7] . It could be explained by plaque rupture that can scatter multiple emboli or the breakup of an embolus. In a transcranial Doppler study, the incidence of microembolic signals was associated with vulnerable AAA, suggesting that microemboli are originating from AAA [24] . Interestingly, our DWI lesion pattern analysis showed that most of the le- Va lues are presented as median (interquartile range) or number (%). sions with vulnerable AAA were small and located in cortical and border-zone regions. Our DWI results are in line with the previous autopsy study investigating cholesterol emboli that can be derived from vulnerable AAA [31] . Besides the lesion pattern on DWI, age was also independently related to vulnerable AAA. It is well known that the incidence and severity of AAA increases with age [32, 33] . Among vascular risk factors, hypercholesterolemia, cigarette smoking, hypertension, and diabetes mellitus have also been associated with AAA [1] . In this study, there was a trend for hypertension and smoking in patients with vulnerable AAA, but it did not reach statistical significance, presumably due to the small sample size.
In this study, we used MDCT for detection of AAA. Although TEE has long been used for evaluation of the aortic arch, there are several advantages of MDCT over TEE. First, MDCT seems to be much more helpful in measuring the thickness of AAA, finding ulceration, and examining its components [13] . Second, MDCT is not an invasive procedure compared to TEE, which is semi-invasive and has a relatively high procedure failure rate [14, 34] . Third, TEE is imperfect in evaluating the aortic arch due to a blind spot [35] . Lastly, in addition to detecting AAA, MDCT can provide more comprehensive information in demonstrating coronary artery disease and other possible sources of cardioembolism [34, 36] . It is important to note that this study had several limitations. First, the results should be interpreted with caution because they were based on data obtained from a single center with a small sample size. Accordingly, our results need independent confirmation through future prospective stroke studies. Second, it should be noted that the vulnerable AAA criteria based on MDCT lack validity. However, a recent study evaluating AAA in embolic stroke using MDCT used TEE criteria with modification like our study, and showed a significant association between possibly embolic stroke and AAA [13] .
In conclusion, vulnerable AAA is independently associated with a DWI pattern characterized by multiple small scattered lesions in multiple vascular territories in conjunction with age. It may help determine stroke mechanism quickly and easily, and provide more information about the pathomechanism of vulnerable AAA-related stroke.
